Towards isolation of the Barley Green Revolution gene by Zhang, J. et al.
Towards Isolation of the Barley Green Revolution Gene 
 
Jingjuan Zhang
1, Xingquan Yang 
2,4, Paula Moolhuijzen
3, Mathew Bellgard
3, Reg Lance 
1, 4, 
Rudi Appels 
1,4 and  Chengdao Li 
1,4 
1CRC Molecular Plant Breeding- Western Node, Murdoch University; 
2 China Natural Science Foundation; 
3Centre of Bioinformatics and Biological Computing, Murdoch University;  
4 Department of Agriculture Western 
Australia 
 
Abstract  
Development of semi-dwarf crop varieties has significantly increased the world food 
production, which is referred as ‘Green Revolution’.  The semi-dwarfing varieties had better 
lodging resistance, higher harvest index, and more efficient utilization of the environment. 
The green revolution genes have been isolated from rice (sd1) and wheat (Rht). The sd1 gene 
encodes a gibberellin acid (GA) 20 oxidase enzyme, which controls a step of biosynthetic 
pathway of gibberellin, and the Rht is a GA-insensitive gene which controls gibberellin 
signaling pathway.   Two barley semi-dwarf genes sdw and denso have been widely used for 
barley improvement. The two genes originated from different sources but have been proved to 
be allelic.  The sdw/denso gene was mapped to the long arm of chromosome 3H. Comparative 
analysis revealed that barley chromosome 3H is syntenic to the rice chromosome 1, to which 
the rice semi-dwarf gene sd1 was mapped. Further analysis showed that the sdw/denso gene is 
in the same syntenic region with the rice sd1 gene closely linked with a common RFLP 
marker R1545. This syntenic relationship was further confirmed through wheat and rice 
comparative analysis. Both barley sdw/denso and rice sd1 are GA-sensitive semi-dwarf genes. 
Thus, sdw/denso in barley is the most likely orthologue of sd1 in rice. The rice sd1 
orthologous gene (Hv20ox2) was partial isolated from barley based on the conserved 
sequences between rice, wheat and maize. The barley gene has the same structure as its 
orthologous gene in rice with three exons and two introns. The barley and rice genes shared 
88.3% sequence similarity and 89% amino acid identity. We are in the process to sequence 
various alleles of this gene from barley to identify the gene mutations for semi-dwarf 
phenotype and to develop molecular markers marker-assisted selection. 
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Introduction 
Semi-dwarfing varieties of rice and wheat averted world food shortage, which resulted from 
the rapid expansion of the world population in the 1960s and 1970s.  These varieties have 
contributed to the ‘Green Revolution’ due to their lodging resistance, improved harvest index, 
and more efficient utilization of the environment (Milach and Federizzi, 2001). The most 
popular high yield semi-dwarfing rice variety was ‘IR8’ which contained a semi-dwarfing 
gene sd1 (Kush, 1993). In wheat, dwarfing gene Rht was responsible for wheat ‘Green 
Revolution’ (Milach and Federizzi, 2001). The sd1 gene encodes a gibberellin acid (GA) 20 
oxidase enzyme which controls a step of biosynthetic pathway of gibberellin, a plant growth 
hormone (Sasaki et al., 2002). The Rht gene is a GA-insensitive gene which controls 
gibberellin signaling pathway (Talon et al., 1990). The products of both genes are linked to 
gibberellin malfunctions (Sasaki et al., 2002).   
 
A short-statured barley mutant stock containing the sdw (denso) gene has been wildly used in 
breeding programs in the United States, Canada and European (Rasmusson, 1991; Mickelson 
and Rasmusson, 1994) and contributed to many malting and feeding barley varieties 
(Mickelson and Rasmuson, 1994). The sdw and denso genes are different alleles with 
important different characteristics on the same chromosome location (Hellewell et al., 2000; 
Mickelson and Rasmuson, 1994). The sdw gene is wildly accepted for feed barley while the 
denso gene is used for malting barley production (Mickelson and Rasmuson, 1994). The alleles sdw and denso were derived from different sources. The gene sdw is from Jotun and 
denso is from Triumph. Both have similar traits, such as late heading, low seed weight and 
high β–glucan content (Hellewell et al., 2000).  Both of them have also been reported to have 
lower yield, seed weight and percentage of plump kernels than tall isolines (Hellewell et al., 
2000; Mickelson and Rasmuson, 1994). On the other hand, some varieties with the sdw gene 
display increased grain yield, such as UC 828 (Gallagher et al., 1996) and Royal (Rasmusson 
et al., 1994). The grain yield of varieties (lines) with the sdw gene depends on culture regions 
(Rasmusson et al., 1994) and weather because most of them present later heading (Hellewell 
et al., 2000; Gallagher et al., 1996; Rasmusson et al., 1994). Therefore, it is critical to obtain 
the sdw sequence to distinguish the sdw alleles in order to modify the agronomic traits of 
feeding and malting barley cultivars. The Hv20ox2 sequences gained from this study will be 
very useful in diagnosing different sdw alleles. 
 
Materials and Method 
  
Materials  
Barley materials were provided by Western Region Barley Germplasm Introduction and 
Enhancement Program, University of Western Australia (Ms Christy Grime).Table 1 listed 
the passport information for each varieties.  
 
Table 1 Barley varieties and their origins 
Line Origin  Malt/feed  Pedigree  Height 
Alexis European  Malt Br.  1622/Triumph  Short 
Sloop SA Malt  Sloop  Med 
Galleon SA  Feed  (Clipper/Hiproly  *3)/(Proctor/CI  3576)  Short 
Haruna Nijo  Japan  Malt  Satsuko Nijo/(K-3/G-65)  Tall 
Kaputar  QLD  Feed  5604/1025/3/Emir/ Shabet//CM67/4 F3 Bulk   Short  
Tallon QLD  Malt Triumph/Grimmett  Short 
Baudin WA  Malt Stirling/Franklin  Short 
AC Metcalf  Canada  Malt  TR226/Manley  Med 
Dhow SA  Malt  Skiff/Haruna  nijo  Short 
Yagan CIMMYT  Feed  Yagan  Short 
Gairdner WA  Malt  Onslow/Franklin  sib  Short 
Stirling  WA  Malt  Dampier //(A14) Prior/Ymer/3/ Piroline  Med 
 
Fresh and healthy leaves were harvested from three week old seedlings of each plant.  The 
samples were frozen in liquid nitrogen and crushed with a micro-pestle to a fine powder. 
DNA was extracted from leave samples for PCR analysis. 
 
Database searches and sequence alignment 
Several public databases were used for the comparison between barley, wheat and rice.  
Homologous sequences of  the rice semi-dwarfing gene sd1 (OsGA20ox2) were identified by 
using sequence query against the rice database hosted by the National Center for 
Biotechnology Information (http://www.ncbi.nlm.nih.gov) or the Gramene database 
(http://www.gramene.org/index.html). 
Rice PAC/BAC (bacterial/Pl-derived artificial chromosome) clones containing predicted 
genes were positioned on the physical map and tightly linked markers identified in rice 
genome browser on gramene (http://www.gramene.org/index.html). 
Syntenic regions were determined between barley and rice on the basis of common RFLP 
markers using the comparative map on Gramene (http://www.gramene.org/index.html), 
barley genomic database (http://barleygenomics.wsu.edu/arnis/linkage_maps/maps-svg1.html 
and the paper of Smilde et. al. (2001). 
The predicted gene structure was identified according to the rice BAC/PAC clones by using 
the Rice Genome Automated Annotation System (http://ricegaas.dna.affrc.go.jp) or the 
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). The sequences analysis was using the Australian National Genomic Information Service 
(ANGIS) (http://www.angis.org.au/html/index.html). The sequence alignments were made 
using amino acid sequences for closely related GA 20 oxidase enzymes involved in barley 
and rice. 
 
PCR Amplification of Genomic DNA  
PCR primers were designed based on the sequence of rice dwarf gene sd1 and its conserved 
regions with wheat and maize EST available from the Gene Bank Nucleotide sequence 
database. The sequence number of rice dwarfing gene-sd1 was AF465255 named as Oryza 
sativa cultivar Nipponbare gibberellin-20 oxidase gene. The conserved regions were with 
Sorghum bicolour (AF249881.1), Triticum aestivum mRNA sequence (Y14007.1), Zea mays 
(PCO130576). The proposed sequences isolated from barley were amplified with the 
following primers: forward primer (Ex1F1), 5’- ACGGGTTCTTCCAGGTGTC, and reverse 
primer (Gsp4), 5’- GTGGATATATTACCCCATTGGCTCGTAG, were used to partially 
amplify exon 1;  forward primer (sdwn2), 5’-GAGTACTGCGGGAAGATGAA, and reverse 
primer (sdwex2R), 5’-CATGAAGGTGTCGCCGATGT, were used for exon 2;  forward 
primer (Jex3F), 5’-CTAACGGACGGTACAAGAGC, and reserve primer (Jex3R2), 5’-
CAGGTGAAGTCCGGGTAGTG were used to partially amplify exon 3; forward primer 
(sdwn1), 5’-CGGACTACGAGCCAATGG, and reverse primer sdwex2R were used to 
amplify intron 1 and exon 2; two pairs of primers were used to amplified intron 2, one primer 
pair is forward primer (JIN2F), 5’-GTC ATC AAC ATC GGC GAC ACC TTC ATG, and 
reverse primer(In2R) 5’-GTA CGT ACA TGG CTT GGC ATC, another primer pair is 
forward primer (In2F), 5’-GAT GCC AAG CCA TGT ACG TAC, and reverse primer 
(JIN2R) 5’-AGG CAG CTC TTG TAC CGT CCG TTA GA. 
 
PCR reaction was comprised of 1.5 mM MgCl2, 1x PCR buffer II, 200 µM dNTP, 1.2 U 
AmpliTaq DNA Polymerase, 0.4 µM of each primer, and 100 ng of template DNA, in a final 
volume of 25 µl with sterile distilled water. PCR cycling conditions consisted of an initial 
denaturation step of 94°C for 4 min, followed by 30-35 cycles of 94°C for 1 min, 55°C for 45 
sec, 72°C for 1 min, and a final extension cycle at 72°C for 5 min.  PCR products were cloned 
into a pGEM-T Easy Vector (Promega), and at least two independent clones from each PCR 
product were sequenced by using an automated sequencing system (ABI 377, Applied 
Biosystems). 
  
Results and discussion  
 
sdw/denso in barley is the most likely orthologue of sd1 in rice. 
 
According to the synteny among several dwarfing genes that were mapped in maize, rice, wheat 
and barley respectively, sdw1 in barley is the most likely orthologue of sd1 in rice. The gene, 
sdw1, is a GA-sensitive, semi-dwarfing gene that was mapped on barley chromosome 3H. 
(Ivandic et al., 1999; http://barleygenomics.wsu.edu/arnis/linkage_maps/maps-svg1.html). 
The gene, sd1,  is also a GA-sensitive semi-dwarfing gene, which was mapped on rice 
chromosome 1 (Rice JRGP RFLP 2000, Gramene). According to the rice and barley genome 
chromosome comparative map (Smilde et al., 2001), twenty-six common markers have been 
placed on the two maps of barley 3H and rice chromosome 1. Based on RFLP markers, sdw1 
was mapped on barley 3H (bin 13) and close to the marker R1545. Similarly, sd1 was mapped 
on rice chromosome 1 and close to the same marker R1545. In addition, several RFLP markers 
near sdw1 gene were mapped in rice chromosome 1 and close to sd1 gene (Figure 1). This 
indicates the synteny between sdw1 and sd1. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 The relationship between barley semi-dwarfing gene-sdw1 and rice semi-dwarfing gene-sd1 
(The map of barley chromosome 3H was from http://barleygenomics.wsu.edu/arnis/linkage_maps/maps-
svg1.html and the map of rice 1 was from Smilde et. al, 2001. ABG499, C191, R1545, ABC161, C742, 
R1014 are conserved markers mapped in both map, Spielmeyer et al., 2002).  
 
The isolated gene structure and partial sequence in barley   
Due to the barley-rice synteny, the semi-dwarfing gene sdw1 from barley might have similar 
gene structure to the rice semi-dwarfing gene sd1, which contains three exons and two introns. 
The sd1 gene (NCBI: AF465255) was isolated from Oryza sativa cultivar Nipponbare and the 
whole sequence is 6590 bp which includes three exons (2430-2986 bp; 3089-3410 bp; 4882-
5172 bp) and two introns (2987-3088 bp; 3411-4881 bp) (Figure 2). In this study, by using 
sdw1 orthologous gene sd1 (rice semi-dwarfing gene) as an anchor, part of exon1 (287 bp) (sd1 
is 563 bp), the whole exon2 (326 bp) (sd1 is 323 bp), intron1 (173 bp) (sdw is 102 bp) and 
intron2 (1468 bp) (sd1 is 1472 bp), and part of exon3 (159 bp) (sd1 is 288 bp) of Hv20ox2 were 
isolated from barley (Figure 2).  
 
 
 
 
 
 
 
Figure 2 The proposed barley sdw gene structure which is similar to the rice sd1 gene AF465255  
 
The sequences in intron1 and exon2 of Hv20ox2 in twelve varieties were obtained. After 
sequence alignment, no polymorphism was found (data not shown). In the region of part of 
exon1, the sequences of Alexis and Sloop were obtained and there was no difference between 
these two varieties. In intron2 and the part region of exon3, only one variety was sequenced. It 
seems that the intron1 and exon2 of Hv20ox2 are the most conserved region in barley. 
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The gene sequence comparison with sd1 in rice  
Compared with the sd1 gene sequence, Hv20ox2 cDNA sequence obtained in this study shared 
88.3% similarity with sd1 and the amino acid sequence has 89% identity with sd1. It shows that 
Hv20ox2 is a GA20-oxidase gene and confirms the homology between Hv20ox2 and sd1. The 
Hv20ox2 intron1 and intron2 sequences were blasted through NCBI web site but no matching 
sequence was found. This indicates that the Hv20ox2 gene sequence has not been reported so 
far.  
GA 20-oxidases are multifunctional enzymes, which can convert GA12 to GA15, GA15 to GA24, 
and GA53 to GA44, GA44 to GA19 (Hedden and Kamiya, 1997). GA24 was converted to GA25 and 
GA9, and GA19 was converted to GA20 and GA17 by GA 20-oxidases. In barley, two GA 20-
oxidases were detected, such as Hv20ox1 in chromosome 5H and Hv20ox3 in chromosome 3H 
(Spielmeyer et al., 2004). In rice, four GA 20-oxidases were detected, these are OsGA20ox1, 
OsGA20ox2 (sd1), OsGA20ox3 and OsGA20ox4 (Sakamoto et al., 2004). OsGA20ox1  was 
mapped to chromosome 3 while OsGA20ox2  (sd1) was located on 1L.  OsGA20ox3 and 
OsGA20ox4 were mapped to chromosome 7 and 5 respectively (Sakamoto et al., 2004). 
 
The gene Hv20ox2  isolated from this study is different from other GA20-oxidases genes 
published in barley. Its amino acid shared 57% with GA20-oxidase-1 (Hv20ox1, accession No: 
AY551428.1) mapped on chromosome 7 (5H), 54% with GA20-oxidase-3 (Hv20ox3, accession 
No: AY551429.1) mapped on chromosome 3H. Moreover, the genes Hv20ox1and Hv20ox3 are 
different from sd1 due to the significant differences from sd1 in the amino acid sequences. The 
amino acid similarity of these two genes compared with sd1 was 50% and 47% respectively.  
 
Synteny between barley chromosome 5H and rice chromosome 3 suggests the Hv20ox1 
(located on 5HL in barley) are orthologous with rice OsGA20ox1 (Li et al., 2004). Hv20ox1 and 
OsGA20ox1 protein sequences are also more closely related to each other than to other GA20ox 
sequences. Gene Hv20ox1 (accession No. AY551428.1) shares 68.6% amino acid sequence 
similarity with OsGA20ox1 (accession No. U50333).  Although Hv20ox3 was mapped on 
barley 3HL, it is not orthologous to OsGA20ox2 ( sd1), shown by only 47% amino acid 
similarity. However, Hv20ox3 has considerably higher sequence similarity to rice OsGA20ox3 
(accession No. AP005840.4) located on chromosome 7S. Hv20ox3 shared 72% similarity of 
rice  OsGA20ox3. The syntenic relationship between barley chromosome 3HL and rice 
chromosome 7S remains unclear. It is possible that either OsGA20ox3 or Hv20ox3 has moved 
to a non-syntenic region in a small-scale translocation event (Spielmeyer et al. 2004). 
 
The orthologues of GA20-oxidase genes in rice, wheat and barley 
Figure 3 summarizes the GA20-oxidase relationship in barley, wheat and rice. Barley Hv20ox1 
(located on 5HL in barley) has almost the same amino acid sequence as wheat EST AY14007 
(97% similarity) and so is likely to be the same gene. Furthermore, the Hv20ox1 probe 
identified three homoeologous bands on the long arm of chromosome 5BL, 5DL and 4AL in 
wheat (Spielmeyer et. al., 2004). Even though the wheat EST (AY14007) does not have a gene 
name and has not been mapped, it could be said that wheat EST (AY14007) might be on 
chromosome 5BL, 5DL and 4AL. As described above, Hv20ox1 is collinear to rice OsGA20ox1 
(Li et al., 2004; Spielmeyer et al., 2004). Hv20ox1 was mapped on barley 5H and very close to 
CDO506 which was next to the marker Abg391 (Li et al., 2004). Rice OsGA20ox1 was mapped 
close to marker Abg391 as well (Spielmeyer et al., 2004). Therefore, the orthologue gene in 
wheat (AY14007) might have a similar location which is next to the marker Abg391. The Hv20ox2 gene identified in this research is related to rice OsGA20ox2 gene. According to the 
comparative map between barley 3H and rice 1, Hv20ox2 might be close to the marker R1545 
as this marker is the closest conserved marker to OsGA20ox2 (sd1) in rice (Fig. 3.1 and 3.2). 
The Hv20ox3 gene has orthologues with rice OsGA20ox3 (Spielmeyer et al.,  2004; Sakamoto 
et al., 2004) and Hv20ox3 has been mapped on barley 3HL and wheat group 3L ( Spielmeyer et 
al.,  2004). However, its specific chromosome location is hard to predict even through its 
homology to the OsGA20ox3 gene because no orthologues have been found between barley 
3HL and rice 7S (Spielmeyer et al.,  2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 The orthologues of GA20-oxidase genes in barley, wheat and rice (References :  a:  Spielmeyer 
et al.,  2004; b:  Li et al., 2004; c: Sakamoto et al., 2004; d: NCBI blast; e:from this research; f: 
Spielmeyer  et al., 2002; Marker (I):  predicted region and proposed linking marker; Hv: Hordeum   
vulgare; Os: Oryza sativa). 
 
The Hv20ox2 gene function  
The gene function of GA20-oxidase in barley is not very clear as the genes were only recently 
published. However, their orthologue genes in rice have been studied extensively. As expected, 
GA20-oxidase genes in barley might have a similar gene function to their homologous genes in 
rice. As shown by the research (Spielmeyer et al., 2002; Sakamoto et al., 2004), OsGA20ox2 
(sd1) gene controls the step from GA53 to GA44. This is because the levels of GA44, GA19, GA20, 
GA1, GA29, and GA8 in sd1-1 (an allele of sd1)
 were lower than in the original strain, whereas 
the amount
 of GA53 in sd1-1 was slightly higher (Spielmeyer et al., 2002; Sakamoto et al., 
2004). Therefore, the amount of GA1 is reduced and dwarfing is caused. This indicates that the 
sd1 orthologues gene- Hv20ox2 (barley) might control the step from GA53 to GA44. 
Consequently, Hv20ox2 gene partly isolated from this study is orthologous to sd1 (OsGA20ox2) 
gene and it might have similar gene function as sd1 which controls the step from GA53 to GA44.  
It needs mapping back to barley chromosome to prove if this gene is sdw1. 
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